other means. Most hip fractures occur in women who are not osteoporotic by BMD testing. 9 Furthermore, it has been suggested by Black et al 4 that an algorithm without BMD is nearly as predictive as one with BMD.
The purpose of our study was to evaluate clinical risk factors for hip fracture in a multiethnic cohort of more than 100 000 postmenopausal women. Our goal was to create and test a predictive model for hip fracture using the WHI cohorts. It is important to investigate the combined effects of risk factors for hip fracture. There is the potential problem of interpreting factors independently of each other. For example, prior studies that had associated the risk of hip fracture with specific ethnic groups may have identified a marker of risk not a cause because they failed to adjust for such factors as weight, smoking status, and other risks. 10 Only hip fracture risk was evaluated. By studying hip fractures, we were able to use data from medical records to clearly identify those with fractures. Had we included other fractures, such as spine fractures, we would have had to rely on self-report. Although spine factures result in significant morbidity and mortally, hip fractures are clearly more detrimental to a woman's health.
METHODS

Study Population
The WHI has multiple components that can be used to build and test a predictive algorithm by taking advantage of an overlapping multicomponent design. Thus, some women were in multiple intervention components of the study. The WHI recruited postmenopausal women aged 50 to 79 years from 40 clinical centers and assigned them to multiple clinical trial components and to an observational study. The dietary modification component included 48 835 eligible women who were randomly assigned to either a sustained low-fat eating pattern (40%) or to eat as they pleased (60%). 11 The hormone therapy clinical trial randomized 27 347 women to trials assessing estrogen plus progestin or estrogen alone compared with placebo; women who still had a uterus received 0.625 mg of conjugated equine estrogen and 2.5 mg of medroxyprogesterone acetate or placebo daily while women without a uterus received estrogen alone or placebo. 12 Approximately 1 year after randomization into 1 of the above components, 36 282 women in the hormone therapy and/or dietary modification trial were randomly assigned to receive 1 g of calcium plus 400 IU of cholecalciferol (vitamin D) or placebo daily. 13 All of the participants, including those who agreed to being followed up after dropping out of the interventions, are used in this analysis. Mean follow-up of the participants varies by component. The study treatments in the 2 components of the hormone trial were stopped prematurely; however, women continued to be followed up for events until study close-out. Women in the estrogen plus progestin group discontinued intervention after a mean of 5.6 years. Women in the estrogen-only group were followed up while taking the study drugs for 6.8 years. The dietary modification intervention lasted a mean of 8.1 years. Follow-up in the calcium vitamin D trial was a mean of 7 years. Information on the study design, methods, and results of these trials has been previously reported. 3, [14] [15] [16] [17] [18] [19] The mean (SD) follow-up time for women in the clinical trial was 8.0 (1.7) years (median, 8.0 years; interquartile range, 7.4-9.0 years). The participants in WHI were generally healthier and had more education than the general US population of women in the same age range. 20 Postmenopausal women who were screened for the clinical trial but were ineligible or unwilling to participate in randomization were asked to enroll in an observational study. Women were ineligible if they did not want to discontinue taking hormone therapy upon study entry, or had a history of breast cancer; they were ineligible for the dietary component if they already followed a low-fat diet or too frequently ate away from home; and they were ineligible for the calcium and vitamin D component if they had a history of kidney stones or were unwilling to limit vitamin D intake. 21 A total of 93 676 women who enrolled in the observational study, were evaluated for multiple risk factors and followed up for a mean (SD) of 7.6 (1.7) years (median, 7.9 years; interquartile range, 6.9-8.9 years). Similar questionnaires and methods were used to determine baseline characteristics for both the clinical trial and the observations study groups. A subset of WHI participants from 3 of 40 clinical sites underwent DXA scans.
Incidence of hip fracture was collected using a standardized medical update questionnaire completed by all participants. These were collected every 6 months for those in the clinical trial and annually for those in the observational study until the study closed between October 2004 and March 2005. Hip fractures were self-reported and then confirmed both locally and centrally by review of medical records including x-ray and surgical reports. Agreement rate between self-reported hip fracture and adjudicated results based on medical records review was good, 78%, 22 but not perfect, and substantiates the need for individual review of outcomes, not just self-report as has been used in a number of other studies. All of the protocols were approved by the appropriate institutional review boards and participants signed informed consents.
Variables
Most of the variables are selfexplanatory. (For a complete list of procedures, see http://www.whiscience.org /about/about_collection.php) Height and weight were measured in the clinics with calibrated scales and stadiometers. Two blood pressure and pulse measurements were manually obtained by trained technicians after 5 minutes of rest at 30 seconds apart. Prevalent medical conditions and medications, eg, diabetes, corticosteroid use, were based on self-report. Physical activity was self-reported and measured as metabolic equivalent tasks (METs), using values derived from the literature and standardized questionnaires, which were validated for reproducibility in this population. 23 Similar questions have been validated against exercise diaries. 24 A MET is the ratio of work metabolic rate to a standard resting metabolic rate of 4.184 kJ/kg per hour. 25 For example, activity intensity were coded as 7 METS for strenuous, 4 for moderate, and 3 for low. Mean walking speed was classed as 3 METS for a 2 to 3 mph, 4 for 3 to 4 mph, and 4.5 for 4 mph or faster. METs per week were calculated as MET-h/wk.
Risk for depression was obtained from the Centers for Epidemiologic Studies-Depression 6-item questionnaire. 26 (This is unrelated to medication or physician diagnosis.) Dietary data were collected via self-report using food frequency questionnaire. 27 Dietary quality was identified using the method described by Neuhouser et al. 28 In brief, dietary intakes of fat, saturated fat, cholesterol, fruit and vegetables, sodium, calcium, protein, and fiber were coded as a 0 if achieved dietary recommendation, 1 if achieved within 30% of dietary recommendation, and 2 for everything else. The 8 scores were then summed. Lower scores indicate a better diet. Race and ethnicity were self-identified by the participants.
Statistical Methods
A prediction model was developed from the WHI observational study dataset and validated by the WHI clinical trial dataset. The observational study population was much larger than the clinical trial and more heterogeneous, thus offered more power for the development of the algorithm.
Model Development
Potential risk factors were identified from the literature and fit 1 at a time in a Cox proportional hazards model, adjusting for age and race/ethnicity. Variables that achieved a modest level of statistical significance (P Ͻ .25), based on the score test, were included in the pool of variables used to select a final prediction model. Ten-fold crossvalidation was used to determine the optimal number of predictors that minimizes an estimate of prediction error. 27 ,29 Specifically, we divided the training data into 10 parts. Ninetenths of the data was used to select the best model with k predictors by fitting a hazard regression model, which uses stepwise addition and deletion and considers interactions and nonparametric (spline) terms. For each model, we then evaluated the prediction log-likelihood on the remaining one-tenth of the data that was not used to select the model. For each k, we added these predicted log likelihoods to obtain a prediction score. The value of k that minimizes the cross-validated prediction score is taken to be the optimal number of predictors. A hazard regression model with K* predictors was then selected from the entire WHI observational study data.
The probability of a hip fracture within 5 years was then calculated using a multivariate logistic regression model fit on the WHI observational study dataset, using the K* variables selected above. The Hosmer-Lemeshow statistic was used to ascertain lack-offit (calibration) of this model. Participants with missing data in their predictor variables, and 5.5% (n=5161) of the participants who did not have a hip fracture within 5 years or did not have 5 years of follow-up were excluded from the logistic regression model.
Model Validation
To avoid an overly optimistic evaluation of model validity, we use the WHI clinical trial participants as our validation dataset. The women in the clinical trial were different in a multiple ways from the women in the observational study. The women in the clinical trial had volunteered to participate, were taking trial-required medications, and were following diet plans. These differences work to improve the usefulness of the validation; it is important that the algorithm work for women with different characteristics. The probability of a hip fracture within 5 years for the validation data was based on the multivariate logistic regression coefficients calculated exclusively on the WHI observational study data. Receiver operator characteristic (ROC) curves and the corresponding area under the curve (AUC) were used to evaluate how the prediction model preformed on the test data. The AUC was also calculated independently for the factors in the final model to demonstrate the additional value gained from the addition of each factor to the model. ROC curves plot the true-positive rate (sensitivity) vs the false-positive rate (1-specificity) at a continuum of thresholds; a participant is classified as having a hip fracture if her estimated probability of fracture exceeds a particular threshold. The ROC curve is a graphical representation of test characteristics, with sensitivity on the y-axis and 1-specificity on the x-axis, over all possible cut points for defining a positive and a negative test result. For our study, a positive result-predicting that an individual would have a hip fracture-occurs when the probability of fracture lies above a cut point. 30 Because of the limited number of hip fractures in the DXA subset of women, a 10-fold cross-validation technique was used to compute the ROC curves and AUC. The 95% confidence intervals (CIs) were obtained by bootstrapping.
Cox proportional hazards models, logistic regression models, and their corresponding statistics were computed using SAS version 9.1 (SAS Institute Inc, Cary, North Carolina). The hazard regression model fits, stepwise selection, cross-validation, and ROC/AUC were computed using R version 2.1 and R libraries polspline and ROCR (R Development Core Team, http://www .R-project.org).
31-33 PϽ.05 was considered statistically significant.
RESULTS
Over a mean (SD) follow up of 7.6 (1.7) years, women in the observational study experienced 1132 hip fractures, an annual rate of 0.16%, whereas during a mean follow-up of 8.0 (1.7) years 791 women in the clinical trial experienced hip fractures at an annual rate of 0.14%. The 10 750 women with BMD measurements were followed up for 5 years or until they fractured their hip. Eighty hip fractures occurred in the combined groups over a mean (SD) of 8.7 (1.2) years of follow-up. The variables considered for inclusion in the model are shown in TABLE 1. Variables that did not meet the nominal threshold (P Ͻ .25) for consideration were education; cups of regular coffee; age at menopause; age at first birth; maintaining a lactose-free diet; pulse pressure; intentional weight loss (Ն4.5 kg [Ն10 lbs]); and use of vitamin D supplements, multivitamins thiazides and thiazidelike diuretics, antihypnotics, benzodiazepines, antiestrogens, calcitonins, and oral contraceptives. The independent frequency or mean after adjustment for age and race/ethnicity in those with and without hip fracture and significance are included.
Development of Algorithm
Cross-validation and stepwise selection of hazard regression models identified 12 variables from Table 1 that were independently predictive of hip fracture. These variables were age, selfreported health, height, change in height since the age of 18 years, change in weight since the age of 35 years, history of fracture after the age of 55 years, race/ethnicity, physical activity, smoking, history of parental fracture after the age of 40 years, diabetes treated with medications, and corticosteroid use. We did not find any pairwise interactions or nonlinear terms that were predictive of hip fracture. The variables change in height since the age of 18 years and change in weight since the age of 35 years were not available for the WHI clinical trial test set that we had planned to use. We therefore chose to use weight as a surrogate for change in weight, this less-than-perfect substitution, errs on the conservative side (TABLE 2) .
The participants who were excluded from the logistic regression model (who did not have a hip fracture within 5 years and who did not have 5 years of followup) tended to be minorities (28% vs 16%) and older age (66 vs 63 years).
More than half of these women died before 5 years of follow-up (n =2768). The Hosmer-Lemeshow statistic indicated no sign of lack of fit (P=. 20 ).
An interactive model is available at http://hipcalculator.fhcrc.org.
As a second step, we approximated the additive logistic regression model by multiplying the coefficients by an arbitrary constant (4, selected to yield approximately integer-valued additive factors) and rounded to the nearest integer. This yielded a simple additive score. The 5-year risk of hip fracture can be calculated by totaling the point score. A point total of 9 yields a probability of fracture of 0.1%, a point total of 18 yields a probability of fracture of 1%, and a point total of 24 yields a probability of fracture of 5%.
Validation
We tested the ability of the model to identify the 5-year probability of hip Using adjudicated hip fractures for women in the clinical trial, ROC curves were developed to test how well the algorithm that was developed from the observational study cohort performed in validation populations. The AUC was tested against the WHI clinical trial. We examined various groups participating in the clinical trial and found similar results in cases in which the AUC ranged from 78% to 81%. The AUC was 80% for all WHI clinical trial participants, all WHI participants receiving placebos, and those who received no active HT intervention (FIGURE 1) .
Although there are potentially other variables that are statistically significant in a logistic regression model, they would not appreciably improve prediction and consequently were not included in the model. For example, alcohol consumption was a statistically significant variable when added to the multivariate logistic regression model (P = .01) but has little effect on the AUC.
We also tested the various components of the algorithm individually and in combinations that included or excluded age. These results are shown in TABLE 3. This demonstrates that age alone is clearly the best predictor of hip fracture, but added value is gained by the addition of other factors.
The ROC curve in FIGURE 2 shows the accuracy at different estimations of risk tested in all WHI trial participants. This shows the sensitivity and 1-specificity of the prediction of 5-year hip fracture risk for women at different levels of predicted risk. By application of this information, thresholds for further screening can be set based on acceptable risk and desire for certainty. For example, identifying women at risk using a threshold of a 1% 5-year risk would yield a true-positive rate (sensitivity) of about 50%, half of women who would have hip fractures within 5 years, but there would be a falsepositive rate (1-specificity) of 15%. Half of the women who would have hip fractures in the next 5 years would be in this group, and 15% who were predicted to have hip fractures would not. A less stringent risk threshold of 0.5% would identify As a final step, we compared the predictive value of the algorithm with the DXA measurements of the women whose BMD was measured. There were 10 750 women with DXA measurements who either completed at least 5 years of follow-up or experienced a hip fracture. The combined group had 80 hip fractures over a mean (SD) of 8.7 (1.2) years of follow-up; thus, the power to show a difference was small. ROC curves were calculated for the algorithm, the DXA, or a combination of the 2. These are shown in FIGURE 3. There was no statistically significant difference in the AUCs.
To show the relative utility of the models prediction based on the 5% highest-risk group for the DXA (T score Յ−2.5) and the 5% highest-risk group for the point-scoring method (score Ն21 points) were compared (A T score is a standard deviation of the bone density above the peak average for a young woman); 3.8% of the high-risk DXA group went on to have hip fractures in 5 years compared with 3.1% of the high-risk point-score group (TABLE 4).
Noting that the number of women with a hip fracture in the subset with DXA scans was small, we compared the women identified by DXA and the point-scoring algorithm using the same cut points The results are shown in TABLE 5, which demonstrates the discordance between the 2 methods of prediction and actual outcomes. We also note that the women who were identified by only 1 method of prediction have had a substantial increased risk of fracture compared with the women who were not identified by either method. 
TABLE 6
shows the median 5-year hip fractureriskandthe2.5%upperandlower limits for this prediction, according to a simplesumpointscorethatapproximates the WHI probability score. This can also be done using the online algorithm.
COMMENT
The large sample size, multiethnic composition, geographically diverse, ambulatory population, and adjudicated hip fracture outcomes in WHI has made it possible to develop a comprehensive model to predict the 5-year risk of hip fracture in postmenopausal women. Because we were working from one dataset, with 93 676 postmenopausal women to develop the model and more than 60 000 women to validate it, our conclusions are robust. Because of the great uniformity in the collection methods and uniformity in the factors included in the model creation and validation testing, plus significant differences in the frequency of risk factors, the model appears to be generalizable.
Instead of splitting the sample to have a training set and a test set, we were able to take advantage of the multiple components of WHI, using one group to develop the model, the training set, and another to validate it, the validation set. By including minority women in the model, predicting fracture risk extends risk factors for nonwhite women beyond race or ethnic background.
Age is a known major risk factor for fracture and continues to be the most powerful predictor of fracture risk, but we have demonstrated that the addition of a few readily available items of clinical information can enhance this prediction. As with many prediction models, one is faced with a trade-off between specificity and sensitivity. As can be seen from Table 4 , most fractures occur in women who are predicted to be a low risk. Figure 2 clearly demonstrates this trade off.
The comparison of the DXA prediction with the algorithm is limited by sample size, and there is no statistically significant difference even though within these limits, the DXA appears to give marginally better results at an obviously greater cost. But before the algorithm is considered definitive, these 2 methods should be tested in other large populations. The role of each needs to be clarified relative to screening and treatment. Abbreviations: DXA, dual-energy x-ray absorptiometry; T score, a standard deviation of bone density above the peak average for a young woman; WHI, Women's Health Initiative. Abbreviations: DXA, dual-energy x-ray absorptiometry; T score, a standard deviation of the bone density above the peak average for a young woman; WHI, Women's Health Initiative.
